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Abstract 
The correlation between the dielectric properties and the structural characteristics of Ta2O5 (Tantalum Oxide) doped BaTiO3 (Barium 
Titanate) ceramics were investigated under different sintering conditions in this research. The raw materials of making Tantalum Oxide 
doped Barium Titanate were Ta2O5 and BaTiO3 powders (particle size =100nm; purity better than 99%).Ta2O5 was doped at two different 
percentages viz. 0.5 and 1.0 mol%. Microstructure and fracture surface of sintered pellets were examined by a Scanning Electron 
Microscope (SEM). Dielectric properties were investigated by measuring the dielectric constant (k) as a function of temperature and 
frequency using an impedance analyzer. The results divulge that dielectric properties and microstructure of BaTiO3 ceramics were 
significantly influenced by the addition of a small amount of Ta2O5. Percent theoretical density above 90% was achieved in this research 
for 0.5 and 1.0 mol% Ta2O5 doped BaTiO3. It was observed that the grain size decreased markedly above a doping concentration of 0·5 
mol% Ta2O5. Although fine grain size down to 200-300nm was attained, grain sizes in the range of 1-1.8μm showed the most alluring 
properties. The fine-grain quality and high density of the Ta2O5 doped BaTiO3 ceramic resulted in tenfold increase of dielectric constant. 
Stable value of dielectric constant, as high as 13000-14000 in the temperature range of 55 to 80°C was found for 1.0 mol% Ta2O5 doped 
BaTiO3 with corresponding shift of Curie point to ~80°C. Experimental results reveal that incorporation of a proper content of Ta2O5 in 
BaTiO3 could control the grain growth, shift the Curie temperature and hence significantly improve the dielectric property of the BaTiO3
ceramics.. 
© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 
of Mechanical Engineers 
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1.  Introduction  
Barium Titanate (BaTiO3) is the first ferroelectric ceramics and a good candidate for a variety of applications due to its 
excellent dielectric, ferroelectric and piezoelectric properties. It is extensively used in high dielectric constant capacitors, 
MLCC and energy storage devices. BaTiO3 having the perovskite structure with tetragonal symmetry at room temperature, 
possesses a relatively high dielectric constant (~1500-2000). 
Despite the advantage offered by the BaTiO3 ceramic regarding small sized capacitors, their use is limited by a number 
of operating variables. The electric field strength and the operating temperatures are strong determinants of dielectric 
constants. Moreover, grain size has a significant effect on dielectric property of BaTiO3 ceramics. Fine-grained BaTiO3 with 
an average grain size of ~1μm exhibits dielectric constant of 3000-4000 at room temperature [1-5] and values as high as 
6000 have also been reported [6]. According to Kinoshinto and Yamaji, as the grain size decreases the dielectric constant of 
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the material increases and a general broadening of the transition peak results [7]. Furthermore Martirena and Burfoot 
suggested that the room temperature permittivity of BaTiO3 should significantly increase when the peak of the transition 
region is suppressed [8].  
The dependence on temperature along with other properties can be appreciably modified by forming solid solutions or 
doping the base perovskite with a range of compositions. Recent research involves development of BaTiO3 based ceramics 
with high dielectric properties using various doping elements of different concentrations [9-17]. The effect of Ta2O5 
(Tantalum Oxide) doping in BaTiO3 ceramic materials has shown promising dielectric properties. In addition, Yoeng Jung 
Kim et al. [18] have suggested that Ta5+ inhibits grain growth and when added in small amounts promote densification. 
The objective of this investigation was to examine the effects of small additions of Ta2O5 on the microstructure and 
dielectric properties of pure BaTiO3; and furthermore to establish a proper structure-property relationship. 
2.  Experimental 
The starting materials of making Tantalum doped Barium Titanate were BaTiO3 (size =100nm) and Ta2O5 powders 
[Manufacturer: INFRAMAT (USA); Purity better than 99%].Ta2O5 was doped at two different percentage viz. 0.5 and 1.0 
mol%. The powders were milled in the pot mill containing Yttria stabilized zirconia balls for 16-20 hours, while a sufficient 
amount of acetone was added as the milling media. PVA was added as a binder following the drying process and the 
mixture was stirred for 30-40 minute to ensure a homogenous binder distribution. The mix was then dried and pressed into 
disc shaped samples under 2 tons of load. Next, the samples were soaked for binder removal and different sintering cycles 
were performed. Microstructure and fracture surface of sintered pellets were examined by a Scanning Electron Microscope 
(SEM). Temperature dependence of the dielectric constant was measured at various frequencies at a heating rate of 4oC/min 
using an impedance analyzer (WAYNE KERR 6500B series). 
 
3. Results and discussion  
Numerical data of percent theoretical density (%TD) and grain size of 0.5 and 1.0 mol% Ta2O5 doped BaTiO3 sintered at 
1250, 1275 and 1300°C for zero minute with a sintering rate of 5°C/min are tabulated in [Table. 1]. 
The sintering cycle with a sintering rate of 5°C/min yielded better densification for both doping mol% with optimum 
density and grain size for 0.5 mol% Ta2O5 doped BaTiO3 sintered at 1300°C for zero minutes. The average grain size of the 
samples sintered at 1250°C were in the range 0.18-0.25μm for both 0.5 and 1.0 doping mol%, which as a result of being too 
fine, had an adverse effect on the dielectric properties. Grain size of samples sintered at 1275°C and 1300°C were relatively 
coarser with satisfactory densification. The microstructures of these samples sintered at 1275°C and 1300°C for zero 
minutes are shown in Fig. 1 
     


















% TD Grain 
Size 
(μm) 
0.5 95.45 .18-.3 1 5 1250 0 3 
1.0 91.25 .18-.3 
0.5 97 .358 2 5 1275 0 3 
1.0 92.65 .255 
0.5 97.66 1.6 3 5 1300 0 3 
1.0 96.44 .295 
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(a)Avg. Grain Size = 0.358 μm; % TD = 97 (b) Avg. Grain Size = 0.255 μm; % TD = 92.65 
(c)Avg. Grain Size = 1.6 μm; % TD = 97.66 (d) Avg. Grain Size = 0.295 μm; % TD = 96.44 
 
Fig. 1. SEM micrograph of  (a) 0.5 mol% and (b)1.0 mol% Ta2O5 doped BaTiO3 sintered at 1275°C for 0 minute and        (c) 0.5 mol% and (d)1.0  mol% 
Ta2O5 doped BaTiO3 sintered at 1300°C for 0 minute 
 
     Less porous and dense micrographs were obtained for all the samples sintered at 5°C/min. The time provided for 
sintering was sufficient as slower sintering rate of 5°C/min provided longer sintering time. Though optimum density and 
grain size were attained for 0.5 mol% Ta2O5 doped BaTiO3 sintered at 1300°C for zero minutes, but for doping 1.0 mol% 
Ta2O5 the grain size reduced prominently (<0.5μm) for sintering rate of 5°C/min. 
These results are commensurate with the findings of M.N. Rahman and R.Manalert [20] as they reported that for the 
penta-valance donor cations, the boundary mobility initially increases with cation concentration but then decreases 
markedly above a doping threshold of 0·3-0·5 mol%. This factor significantly controls the microstructure of Ta2O5 doped 
BaTiO3.Since Ta5+ ion has a valence state (+5) different than that of Ba2+ or Ti4+ ions (+2 and +4 respectively), substitution 
with Ta5+ ions cause charge imbalance which leads to charge compensation requiring the production of electrons, electron 
holes, or vacancies. Donor cations of higher  valence  than the host cation  leads  to a  dramatic  change  in  the behavior of 
BaTiO3. This phenomenon is sometimes referred to as the  'doping  anomaly' or 'grain  size  anomaly' [18,19,20]. 
 
Below the doping threshold,  a possible  defect  reaction  for  the  incorporation  of Ta5+into  BaTiO3 can  be  written  in 
the Kroger-Vink notation as equation (1). [20] 
 
4BaO + 2Ta2O5  4BaBaX + 4TaTi + 12OoX+O2 + 4e-                                                                                                       (1) 
 
Above the  doping threshold, assuming that ionic compensation  occurs  by  the  formation  of  Ti vacancies, a possible 
defect reaction is: [20] 
 
4BaO + 2Ta2O5 + BaTiO3    5BaBaX + 4TaTi + 15OoX + TiO2 +VTi                                                                                  (2) 
 
Above the threshold, the accumulation of Ti vacancies in the space charge may be associated with a depletion of oxygen 
vacancies. Because of their relatively large size, the diffusivity of oxygen ions across the grain boundary is expected to be 
slow. The low diffusivity of oxygen ions across the grain boundary provides a possible mechanism for the significant 
reduction in grain boundary mobility, which yields finer grain. Such grain growth inhibiting mechanism has also been 
evident in the study of BaTiO3 doped simultaneously with calcium (Ca2+) and tantalum (Ta5+) ions [19, 20]. In this study, 
replacement of  VTi with Ca2+ was found to negate the grain growth inhibiting effect of Ta5+. 
The effect of excess doping mol% of Ta2O5 above the threshold value on microstructure of BaTiO3 can also be described 
by using another perspective other than through the defect structure. Excess doping mol% of penta-valence donor cations 
above the threshold is found to restrict grain growth by pinning effect [18]. Our results are in accordance with this finding 
also. 
 In our research, above the threshold value of 0.5 mol% doping, the grain size reduced prominently (<0.5μm) for 
sintering rate of 5°C/min which can be attributed to the pinning effect of excessive Ta2O5 doping above the threshold value 
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[18, 20]. A high concentration of Ta5+ions at or near grain boundaries restricted grain growth during sintering and promoted 
the formation of BaTiO3 with extremely fine grains. Such small grain size has an adverse effect on dielectric properties.  
No or insignificant energy is needed for the dopant to concentrate at the grain boundaries. However, the energy needed to 
incorporate a dopant ion into an individual lattice site in complex oxides is related to distortions, i.e. difference in ionic 
radii, and the formation of compensating defects during the incorporation of aliovalent ions that have different valence 
states [18]. Thus, more energy was required in our research for diffusion of the dopants to move inwards from the grain 
boundary and reduce the extreme pinning effect. The required energy was provided by means of increasing the holding time 
to 240 minutes at the maximum sintering temperature of 1300OC for both dopant concentrations. To control abnormal grain 
growth, sintering rate was increased to15°C/min and the cooling rate was also modified [Table. 2].The microstructures of 
0.5 and 1.0 mol% Ta2O5 doped BaTiO3 sintered under this condition is shown in [Fig. 2.]. 
     
Fig. 2. SEM micrograph of a) 0.5 mol% & b) 1.0 mol% Ta2O5 doped BaTiO3 sintered at 1300°C for 240min 




















15 1300 240 10 °C/min up to 1000°C 
and then 
5 °C/min up to end 
temperature 




15 1300 240 10 °C/min up to 1000°C 
and then 
5 °C/min up to end 
temperature 
1.0 90 1.375 
 
 
3.1 Dielectric property measurement 
 
0.5 mol% Ta2O5 doped BaTiO3 sintered at 1300°C for 0 min at sintering rate 5°C/min and 1 mol% Ta2O5 doped BaTiO3 
sintered at 1300°C for 240 min at sintering rate 15°C/min showed satisfactory dielectric constant along with desired 
densification and grain size [Table. 3.].  
 




























 (k) Value 
(room 
temp.) 
1 5 1300      0 0.5 97.66 1.6 14600 
2 5 1300      0 
                   3 
3 1.0 96.44 .358 1900-2000 
3 15 1300    240 0.5 90 1.8 14000 
4 
 
15 1300    240 
10 °C/min up to 1000°C 
and then 5 °C/min up to 
end temperature 
1.0 91 1.375 17000 
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 Figure 3 illustrates that sintering at 1300°C for 240 min at a sintering rate of 15°C/min resulted in an abrupt rise in 
dielectric constant for 1.0 mol% Ta2O5 doped BaTiO3 which was  due to attainment of favorable grain size and densification.  
However, a slight declivity in dielectric constant was observed for 0.5 mol% Ta2O5 doped BaTiO3 when the holding time 
was increased to 240 min at 1300°C. Sintering at 1300°C for 240 min at sintering rate 15°C/min caused only a slight 
increase in grain size, from 1.6 to 1.8μm, together with marked attenuation of densification for 0.5 mol% Ta2O5 doped 
BaTiO3 as reported in [Table. 3].  Hence, for 0.5 mol% Ta2O5 doped BaTiO3 the maximum dielectric constant, together with 
approbative grain size and densification was obtained when sintered at 1300°C for 0 min at sintering rate 5°C/min.     
       
Fig. 3. Dielectric constant of samples sintered at optimum sintering cycles 
 
The pinning effect or influence on defect structure of doping mol% was found to effect grain size. As grain size effect 
dielectric properties, so pinning effect or influence on defect structure of dopants has obvious effect on dielectric properties. 
Average grain size around 1μm normally provides a good condition for dielectric properties for doped BaTiO3. In this 
research, grain sizes in the range of 1-1.4μm showed high values of dielectric constant, while further increase in grain size 
deteriorated its property. Variation of Dielectric Constant (k) with temperature for 0.5 and 1 mol% Ta2O5 doped BaTiO3 that 
have a maximum dielectric constant is shown in [Fig. 4]. The best stable value of dielectric constant as a fucntion of 
temperature was obtained in the range 13000-14000 for 1.0 mol% Ta2O5 doped BaTiO3 as shown in [Fig. 4(b).] . Curie point 
(Tc) normally occurs at 120°C for pure BaTiO3. It is evident from [Fig. 4] that the curie point was shifted to about 110OC 
for 0.5 mol% Ta2O5 doped BaTiO3; and to about 80OC for 1 mol% Ta2O5 doped BaTiO3. Suppression of the peak at Curie 
temperature is also apparent from the figure. In consonant with the literature [21,22,23], a decrease in dielectric contstant 
with an increase of frequency for a particular temperature is also ostensible from the figure.  
 
Fig. 4. Variation of  dielectric constant k  with temperature for (a) 0.5mol% Ta2O5 doped BaTiO3 sintered at 1300°C for 0 min at sintering rate10°C/min   
(b) 1.0mol% Ta2O5 doped BaTiO3 sintered at 1300°C for 240 min at sintering rate15°C/min 
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4. Conclusions 
The results reveal that doped tantalum oxide acts as a strong peak suppressor and shifts the Curie point to a lower 
temperature. Alluring value of dielectric constant was obtained when average grain size of the Ta2O5 doped BaTiO3 samples 
were in the range of 1-1.8μm and the best stable value as high as 13000-14000 in the temperature range of 55 to 80°C was 
obtained for 1.0 mol% Ta2O5 doped BaTiO3 having an average grain size of 1.375μm, with corresponding shift of Curie 
point to ~80°C. Moreover it was observed that, for a particular temperature the value of dielectric constant decreases with 




The authors acknowledge to Mr. Tan Teck Siong, JEOL Asia Pte Ltd for his assistance in SEM analysis. 
References 
[1]  HH.  Kniepkamp and W. Heywang, 1954. Depolarization Effects in Polycrystalline, BaTiO3, Z. Angrew. Physics.6, p. 385-90.  
[2]  A.S. Shaikh, R.W.Vest, and G. M.Vest, 1986. Dielectric Properties of Ultra Fine Grained BaTiO3, In: IEEE International Svmosium on Applied 
Ferroelectrics. 6th, p. 126-29.  
[3]  G.  H.  Jonkkr and W.  Noorland, 1962. Grain Size of Sintered Barium Titanate, In: Science of Ceramics 1, Edited by G. H. Stewart, Academic Press, 
London, p. 255-64.   
[4]  N.  C.  Sharma and E. R. McCartney, 1974. The Dielectric Properties of Pure Barium Titanate as a Function of Grain Size, Journal of Australasian 
Ceramic Society, 10 [I61], p. 16-20.  
[5]  G. Arlt, D. Hennings, and G. de With, 1985. Dielectric Properties of Fine-Grained Barium Titanate Ceramics,  Journal of  Appied. Physics, 58 [41], 
p.1619-25.  
[6] A. A. Anan’eva, M. A. Ugryumova and B.V. Strizhkov,1960, Some Anomalous Properties of Chemically Pure Barium Titanate Ceramic.  Bulletin of 
Academy of Science (Engl. Transl.), 24, p. 1395-97. 
[7]  K.  Kinoshinta and A. Yamaji,1976. Grain-Size Effects on Dielectric Properties in Barium Titanate, Journal of Applied Physics, 47 [I], p. 371-74. 
[8]  H.  T. Martirena and J. C. Burfoot, 1974. Grain-Size Effects on Properties of Some Ferroelectrics Ceramics, Journal of Physics Society, C,7, p.3182-
92. 
 [9] Liang X., MengZ.and Wu W., 2004. Effect of acceptor and donor dopants on the dielectric and tunable properties of barium strontium titanate, 
Journal of American Ceramic Society, 86(12), p. 2218-2222.  
[10] Babilo P. and Haile S.M., 2005. Enhanced sintering of Yuttrium-doped barium zirconate by addition of ZnO, Journal of American Ceramic Society, 
88(9), p.2362-2368.  
[11] Hamady Yassen, Sioma Baltianski and Yoed Tsur., 2006. Effect of incorporating method of niobium on the properties of doped Barium Titanate 
Ceramics,  Journal of American Ceramic Society, 89[5], p.1584-1589. 
[12] V.V.Mitic and I. Mitrovic, 2001. The influence of Nb2O5 on BatiO3 ceramics dielectric properties, Journal of American Ceramic Society,21.  
[13] K. H. YOON, J. W. KIM, K. H. JO, 1989. Dielectric properties of barium titanate with Sb203 and ZnO, Journal of Materials Science Letters, 8, p.153-
156. 
[14] Yogeswar Kumar et. al., December 2009. Effect of Ni doping in structural and dielectric properties of BaTiO3, Indian Journal of Engineering and 
Materials Science, Vol. 16, p.390-394. 
[15] Jirapa Tangsritrakul, Rattikorn Yimnirun, 2010.Effects of Manganese Addition on Phase Formation and Microstructure of Barium Titanate Ceramics, 
Chiang Mai Journal of Science, 37(1), p.165-169. 
 [16] Timothy R. Armstrong, Laurie E.Morgens, Alena K.  Maurice and Relva C. Buchanan*, 1989. Effects of Zirconia on Microstructure and Dielectric 
Properties of Barium TitanateCeramics, Journal of American Ceramic Society, [4], p. 605-11.  
[17] Sabina Yasmin, Shamima Choudhury, M.A. Hakim, A.H. Bhuiyan and M.J.Rahman, 2011. Structural and Dielectric Properties of pure and cerium 
doped barium titanate, Journal of Ceram.Processing Research, Vol. 12, No. 4, p. 387-391. 
 [18] Yoeng Jung Kim, June Won Hyun, HeeSoo Kim. Joo Ho Lee, Mi Young Yun. S.J. Noh and Yong Hyun Ahn, 2009. Microstructural characterization 
and dielectric properties of barium titanate solid solution with donor dopants, Bulletin of Korean Chemical Society,Vol. 30, No. 6, p.1268-1273. 
[19] Helen M.Chan, Martin P. Harmer and Donald M. Smyth,1986. Compensating Defects in Highly Donor-Doped BaTiO3, Journal of American Cermic 
Society, 69[6], p.507-10.  
[20] M.N.Rahman and R.Manalert, 1988. Grain Boundry Mobility of BaTiO3 Doped with Aliovalent Cations, Journal of European Ceramic Society, 18, p. 
1063-1071.  
[21] C. Barry Carter, M. Grant Norton., “Ceramic materials science and engineering”, published by springer.  
[22] Kingery, Bowen, Uhlman: Introduction to Ceramics, John Willey & Sons, second edition, Singapore, 1976   
[23] Richerson: Modern Ceramic Engineering, Marcel Dekker, 1992  
 
 
